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Abstract
Background—Our previous randomized, clinical trial showed that postoperative tight glycemic control
(TGC) for children undergoing cardiac surgery did not reduce the rate of health care–associated infections
compared with standard care (STD). Heterogeneity of treatment effect may exist within this population.
Methods and Results—We performed a post hoc exploratory analysis of 980 children from birth to 36
months of age at the time of cardiac surgery who were randomized to postoperative TGC or STD in the
intensive care unit. Significant interactions were observed between treatment group and both neonate (age
≤30 days; P=0.03) and intraoperative glucocorticoid exposure (P=0.03) on the risk of infection. The rate and
incidence of infections in subjects ≤60 days old were significantly increased in the TGC compared with the
STD group (rate: 13.5 versus 3.7 infections per 1000 cardiac intensive care unit days, P=0.01; incidence: 13%
versus 4%, P=0.02), whereas infections among those >60 days of age were significantly reduced in the TGC
compared with the STD group (rate: 5.0 versus 14.1 infections per 1000 cardiac intensive care unit days,
P=0.02; incidence: 2% versus 5%, P=0.03); the interaction of treatment group by age subgroup was highly
significant (P=0.001). Multivariable logistic regression controlling for the main effects revealed that previous
cardiac surgery, chromosomal anomaly, and delayed sternal closure were independently associated with
increased risk of infection.
Conclusions—This exploratory analysis demonstrated that TGC may lower the risk of infection in children
>60 days of age at the time of cardiac surgery compared with children receiving STD. Meta-analyses of past
and ongoing clinical trials are necessary to confirm these findings before clinical practice is altered.
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Abstract
Background—Our previous randomized clinical trial showed that post-operative tight glycemic
control (TGC) for children undergoing cardiac surgery did not reduce the rate of healthcare-
associated infections compared to standard care (STD). Heterogeneity of treatment effect may
exist within this population.
Methods and Results—We performed a post-hoc exploratory analysis on 980 children from
birth to 36 months at the time of cardiac surgery who were randomized to post-operative TGC or
STD in the intensive care unit. Significant interactions were observed between treatment group
and both neonate (age ≤30 days, P=0.03) and intraoperative glucocorticoid exposure (P=0.03) on
the risk of infection. The rate and incidence of infections in subjects ≤60 days old were
significantly increased in the TGC group compared to the STD group (rate 13.5 vs. 3.7 infections/
1,000 CICU days, P=0.01; incidence 13% vs. 4%, P=0.02), while infections among those >60
days of age was significantly reduced in TGC compared to STD (rate 5.0 vs. 14.1 infections/1,000
CICU days, P=0.02; incidence 2% vs. 5%, P=0.03); the treatment group by age subgroup
interaction was highly significant (P=0.001). Multivariable logistic regression controlling for the
main effects revealed that previous cardiac surgery, chromosomal anomaly, and delayed sternal
closure were independently associated with increased risk of infection.
Conclusions—This exploratory analysis demonstrated that TGC may lower the risk of infection
in children >60 days old at the time of cardiac surgery compared to children receiving STD. Meta-
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analyses of past and ongoing clinical trials are necessary to confirm these findings before altering
clinical practice.
Keywords
tight glycemic control; hyperglycemia; pediatrics; critical care; congenital heart disease
Pediatric patients with critical illness experience high rates of hyperglycemia while
hospitalized in the intensive care unit. Almost 90% of children undergoing cardiac surgery
develop hyperglycemia in the post-operative period. 1-4 Previous observational studies
provide conflicting evidence about the association between hyperglycemia and morbidity
and mortality in these patients. 3, 5-7 Data from adult cardiac surgical populations 8
suggested the need for an experimental trial to determine whether post-operative tight
glycemic control (TGC) with insulin therapy provided benefit over standard blood glucose
management. We previously reported the results of the Safe Pediatric Euglycemia after
Cardiac Surgery (SPECS) trial 9 where we compared TGC to standard care (STD) in
patients from birth to 36 months undergoing cardiac surgery with cardiopulmonary bypass,
and showed that TGC did not reduce the incidence of post-operative healthcare-associated
infections or mortality.
Though we found no differences between the treatment and standard care groups in the
SPECS trial, it remains possible that heterogeneity of treatment effect exists across the study
population; both the effectiveness and safety of the treatment can vary between patients with
different risks for the primary outcome and treatment harm. 10 Therefore, we aimed to
investigate whether there were differential effects of TGC on outcomes in certain
identifiable subgroups within the SPECS trial cohort. We focused this analysis on subgroups
believed a priori to be at higher risk for infections and other morbidities. The results of this
exploratory analysis are meant to inform subsequent research on TGC in critically ill
children so that conflicting evidence and remaining knowledge gaps can be specifically
addressed in future experimental trials and meta-analyses.
Methods
The present study is a post-hoc analysis of the SPECS study database: the SPECS trial
methods, statistical analysis plan, and results have been published previously. 9, 11 The
SPECS trial (ClinicalTrials.gov number NCT00443599) was a two-center, randomized,
controlled trial that enrolled 980 children from birth to 36 months at the time of surgery with
cardiopulmonary bypass who received post-operative care in the cardiac intensive care unit
(CICU) at either Boston Children's Hospital or the University of Michigan C.S. Mott
Children's Hospital. Patients were randomized to receive either TGC (targeting
normoglycemia; 80 to 110 mg/dL [4.4 to 6.1 mmol/L]) or STD during their recovery in the
CICU. Insulin infusions were used to maintain blood glucose levels in the TGC group and
doses were titrated according to a proportional-integral-derivative algorithm, which is
modeled on beta cell physiology. 12, 13 Both treatment groups were monitored with
subcutaneous continuous glucose monitors to assist in glucose control and avoidance of
hypoglycemia.
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The primary outcome for the trial was incidence of 30-day healthcare-associated infections,
which included pneumonia, bloodstream, urinary tract, and surgical site infections, as
defined by Centers for Disease Control and Prevention (CDC), per 1,000 CICU days. 14
Secondary outcomes included mortality, cardiac index, duration of vasoactive support and
mechanical ventilation, and CICU length of stay. Cardiac index was determined on
postoperative day 2 in patients who were mechanically ventilated, sedated, and had a
superior vena cava or pulmonary artery catheter in situ. We calculated cardiac index by the
Fick principle using oxygen consumption (VO2) measured by indirect calorimetry,
hemoglobin concentration, and the difference between arterial and mixed venous oxygen
saturation, as previously validated. 15 In the overall cohort, there was no treatment effect
identified in any of the primary or secondary outcomes. 9
To compare infection rates of SPECS subjects to historical trends we compiled infection
data for children less than 3 years of age who were admitted to the Boston Children's
Hospital CICU after cardiopulmonary bypass surgery but who did not participate in SPECS.
All patients meeting these criteria between 1/1/2005 and 12/31/2012 were included.
Infections in non-study patients were defined according to the same CDC criteria used in
SPECS and were adjudicated by the same individuals.
The study was approved by the institutional review boards at both Boston Children's
Hospital and the University of Michigan CS Mott Children's Hospital. Parents and/or
guardians of the patients gave written informed consent.
Statistical analysis
We previously reported pre-specified, high-risk subgroup analyses for patients with a Risk
Adjustment in Congenital Heart Surgery (RACHS-1) category 16 of 3 or higher (or not
assignable), or a length of stay in the CICU of 3 days or longer; the latter analysis was based
on a post-randomization factor. 9 We subsequently performed several stratified post-hoc
analyses to determine whether TGC had a differential effect on infection incidence in seven
other specific subgroups of the patient cohort. Based on chance alone, we would expect that
0.35 tests out of 7 tests for interaction would be statistically significant at the P<0.05 level.
The variables used for stratification were those that identified certain subgroups at greater
risk of infection and other post-operative morbidities. Seven risk factors present prior to
protocol initiation were considered: 1) age at surgery (≤30 vs. >30 days), 2) previous cardiac
surgery, 3) chromosomal anomaly, 4) intraoperative glucocorticoid therapy, 5) non-biologic
surgical implant used for repair, 6) delayed sternal closure, and 7) first post-operative blood
glucose (≥110 vs. <110 mg/dL). Some of these variables – for example, surgical complexity
and delayed sternal closure – have been associated with increased risk of healthcare-
associated infection in prior analyses, 17- 19 whereas others (e.g., chromosomal anomalies
and age) have been known to be associated with mortality and morbidity generally, but not
specifically with infection.
Within a subgroup, the effect of tight glycemic control on infection was assessed with the
use of odds ratios and exact 95% confidence intervals derived from conditional logistic
regression. Potential differential effects of TGC on infection across subgroups were
analyzed with the use of exact logistic regression that included the interaction between
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treatment group and risk factor after including both as main effects. Given the observed
heterogeneity of treatment effect by age at surgery, we explored logistic regression models
that included the effects of treatment group, age subgroup, and their interaction, using
different age cutoffs. We then used maximum likelihood and a likelihood ratio test-based
confidence interval to select an optimal age cutoff. Using this optimal age cutoff we then
assessed the potential differential effects of TGC on other outcomes across age subgroups
using exact logistic regression for binary outcomes, exact Poisson regression for count
outcomes or rates, Cox proportional hazards regression for time-to-event outcomes, and
linear regression for continuous outcomes. To explore other potential predictors of infection,
multivariable stepwise logistic regression was used. Infections rates in non-study patients
≤60 days old were compared to rates in non-study patients >60 days old using exact Poisson
regression. All reported P values are two-sided. Statistical analyses were performed with the
use of SAS software, version 9.3. The reporting of results below follows the “Guidelines for
Reporting Subgroup Analysis”. 20
Results
All 980 subjects from the original SPECS trial were included in the analyses. Table 1
displays the proportion of subjects with any 30-day healthcare-associated infection and the
odds ratio (OR) for infection by treatment arm (TGC vs. STD) within each of the subgroups
and the results of the associated tests for interaction. Exact logistic regression analyses
demonstrated significant interactions between treatment group and both neonate (age ≤30
days, P=0.03) and intraoperative glucocorticoid use (P=0.03) on the risk of infection (Table
1). Though the point estimates suggested a possible harmful effect of TGC in neonates (age
≤30 days at surgery) and a possible benefit of TGC in patients who did not receive
intraoperative glucocorticoids, neither effect was statistically significant at the 0.05 level
(P=0.07 and P=0.09, respectively).
Given the observed heterogeneity of treatment effect by age at surgery, we next sought to
determine empirically an optimal age cutoff. We explored this by running logistic regression
models that included the main effects of treatment group and age subgroup and the
interaction term as covariates, where age subgroup was defined using different cutoffs from
30 days to 12 months (Figure 1). Plotting the log likelihood from these models versus age
cutoff demonstrated that an age cutoff of 59 days (95% confidence interval 55-71 days via
the likelihood ratio test) best discriminated two age subgroups with differential risk of
infection based on treatment arm. The difference in model characteristics was negligible
when comparing models using an age cutoff of ≤59 days vs. ≤60 days, so for subsequent
analyses and ease of reporting we defined the age subgroups as those ≤60 days or >60 days
at the time of surgery.
The comparison of the infection outcome between treatment groups within the empirically
derived age subgroups is shown in Table 2. The rate and incidence of healthcare-associated
infections in subjects ≤60 days of age were significantly increased among those in the TGC
group compared to the STD group (rate 13.5 vs. 3.7 infections/1,000 CICU days, P=0.01;
incidence 13% vs. 4%, P=0.02), while the rate and incidence of infections among those >60
days of age were significantly reduced in the TGC group compared to the STD group (rate
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5.0 vs. 14.1 infections/1,000 CICU days, P=0.02; incidence 2% vs. 5%, P=0.03). The
treatment group by age subgroup interactions were highly significant (P=0.001 for each).
These analyses did not appreciably change with adjustment for site. There was a differential
treatment group by age subgroup effect across the four CDC-defined infection types.
In light of the opposing effects of treatment on infection in the two age subgroups, ≤60 days
and 60 days to 3 years, we did not find any statistically significant differences in the baseline
characteristics between treatment groups across the age subgroups, as detailed in
Supplemental Table 1. Our analysis of the historical Boston Children's Hospital CICU
cohort demonstrated that younger patients had a significantly lower overall infection rate
compared to older patients (8.0 infections/1,000 CICU days in 1,061 patients ≤60 days of
age vs. 12.7 infections/1,000 CICU days in 2,035 patients >60 days; P<0.001).
Blood glucose management differed slightly across the two age subgroups with the
percentage of subjects receiving insulin being slightly higher in the younger subgroup (age
≤60 days: TGC 95% vs. STD 6%; age >60 days: TGC 89% vs. STD <1%; interaction
P=0.048) but was otherwise not distinguishable. Rates of any hypoglycemia (blood glucose
<60 mg/dL) were similarly (interaction P=0.84) elevated in the TGC arm compared with the
STD arm in both the younger cohort (TGC 35% vs. STD 18%) and the older cohort (TGC
13% vs. STD 7%). The overall time-weighted glucose average (TWGA) was significantly
different (P<0.001) between treatment groups in both age subgroups [age ≤60 days: TGC
median 107 (interquartile range 100-115) vs. STD 112 (104-125) mg/dL; age >60 days:
TGC 114 (106-122) vs. STD 124 (111-140) mg/dL]. Examination of daily TWGA revealed
that TWGA in the TGC group was significantly lower on days 1 and 2 compared to the STD
group for patients ≤60 days, while in the older cohort the TWGA difference between
treatment arms extended to 3 days, increasing the duration of exposure to treatment
differences from TGC within the >60 days subgroup (Figure 2).
Secondary study outcomes were largely similar between treatment groups across the age
subgroups with the exceptions of cardiac index and red blood cell transfusions, as shown in
Table 3. In the younger cohort (≤60 days) there was no benefit of TGC on cardiac index on
postoperative day 2 (TGC 0.9 vs. STD 1.3 L/min/m2; P=0.12), while in the older cohort
there appeared to be a 26% increase with TGC (TGC 2.4 vs. STD 1.9 L/min/m2; P=0.03).
The interaction between treatment group and age subgroup for this analysis was not
significant (P=0.15). Further, in all subjects potentially eligible for cardiac index
measurement (those intubated on post-operative day 2), there were no differences between
treatment groups in mortality, length of CICU or hospital stay, length of vasoactive support,
or transfusions in the >60 days subgroup.
There was an increased incidence of transfusion amongst those ≤60 days randomized to
TGC (TGC 76% vs. STD 63%; P=0.04), while there was no difference between treatment
groups in the >60 days subgroup. The frequency of blood glucose sampling in the overall
TGC cohort was greater than in the STD cohort (TGC mean 17 times per CICU day vs. STD
4 times per CICU day). The interaction between treatment group and age subgroup for this
analysis was not significant at the 0.05 level (P=0.058).
Agus et al. Page 5
Circulation. Author manuscript; available in PMC 2015 June 03.
To explore the potential effects of other factors present prior to protocol initiation on
infection, we performed multivariable stepwise logistic regression adjusting for treatment
group, age subgroup, and their interaction. Other factors significantly associated with
infection included previous cardiac surgery [OR (95% CI) 3.08 (1.41-6.72); P=0.003],
chromosomal anomaly [3.05 (1.39-6.51); P=0.005], and delayed sternal closure [4.32
(1.83-10.19); P<0.001]. Although intraoperative glucocorticoid use differed by age (71%
subjects ≤60 days received glucocorticoids vs. 45% subjects >60 days; P<0.001), further
adjustment for intraoperative glucocorticoid use did not appreciably affect these results.
Similarly, further adjustment for site did not appreciably affect the results.
Discussion
In this exploratory analysis of our study cohort from a large randomized controlled trial of
tight glycemic control we found differential response to the intervention among patients ≤60
days versus those >60 days of age at the time of surgery. Our analysis suggests that younger
patients had an increased rate of healthcare-associated infections with TGC compared to
STD while the older patients had a lower rate with TGC compared to STD. There is a
history of younger children having increased mortality with insulin therapy in the NIRTURE
trial. 21 The NIRTURE study was ongoing at the time of the design of our trial and was
subsequently halted early due to potential for harm in the treatment group. Other TGC trials
in children 22-24 have not reported analyses of the interaction of treatment group with age
subgroups.
To our knowledge, there are no other data suggesting a 60-day age cutoff for differential
response to TGC. It is conceivable that TGC confers benefits that have more relevance to
the older child whose maternally-acquired, antibody-mediated immunity has waned, 25, 26 as
opposed to the infant who also may be more susceptible to protocol-associated
hypoglycemia and anemia.27, 28 These theories will remain speculative, however, until
further data can be analyzed confirming the presence of a differential effect above and
below 60 days of age in other TGC trial populations.
Upon initial examination of our data, there appeared to be a low rate of infection in the
patients randomized to the STD arm in the younger age subgroup. These patients typically
have more complex surgery, higher rates of delayed sternal closure, greater exposure to
intravenous catheters, and longer CICU stays, and thus might be expected to have a higher
infection rate than older infants and children. In order to determine whether the low rate of
infection observed in STD subjects ≤60 days old was related to the study procedures used,
we evaluated historical data from non-study patients treated in the Boston Children's
Hospital CICU. These rates, assessed over the years 2005 to 2012 and previously
unpublished, showed similar trends to the rates seen in SPECS. We concluded that the
relationship between infection rates in younger (≤60 days) compared to older patients
observed in the STD arm of the SPECS trial was consistent with historical trends.
The striking interaction between treatment group and age subgroup on infection rates led us
to investigate other clinical outcomes to further explore the benefits of TGC in the older
patients. We observed that patients >60 days treated with TGC had significantly higher
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cardiac index on post-operative day 2 compared to those in the STD arm, though the
interaction between treatment group and age subgroup on this outcome was not statistically
significant. This analysis was limited to those in the Boston Children's Hospital CICU with a
central venous catheter in the superior vena caval circulation, and who remained intubated
on the second post-operative day, as the measurement of oxygen consumption was
conducted via the ventilator exhalation valve. Though it is a smaller subset of the overall
cohort (N=191), this group of patients, due to higher illness severity, may be most likely to
derive benefit from TGC if benefit exists. Both in vitro studies and prior clinical
reports 29-32 demonstrate the potential benefits to the myocardium of controlling blood
glucose with insulin infusion, specifically in mitigating the effects of ischemia-reperfusion
injury. Improved myocardial recovery should lead to other important outcome differences,
but we observed similar durations of mechanical ventilation, vasoactive support, and CICU
and hospital length of stay between treatment arms in the >60 days subgroup. However,
these outcomes were calculated for the entire >60 days subgroup, so it may be that only
those patients with greater post-operative organ dysfunction (e.g., those mechanically
ventilated greater than 48 hours) reap the benefits of TGC. Further analysis of past and
ongoing pediatric TGC clinical trials, focusing on patients with the greatest illness severity,
may elucidate the possible benefits of TGC to cardiopulmonary recovery.
Younger patients in the TGC arm also had a higher transfusion rate compared to the STD
arm, and there was a trend toward a significant interaction between treatment group and age
subgroup on transfusion (P=0.058). The increased transfusion rate in the TGC subjects in the
≤60 days cohort is likely a reflection of the increased frequency of blood glucose sampling
in the overall TGC cohort compared with STD. Given the smaller body mass and circulating
blood volume in the ≤60 days cohort, a similar volume of blood drawn would represent a
greater relative amount of blood loss, possibly leading to an increased transfusion rate. This
would explain why the same difference in number of blood draws was not associated with
increased transfusion rate in the older cohort. We attempted to mitigate this effect in the trial
design by using a blood conservation device as well as a bedside glucose meter that required
small amounts of blood. There are important limitations to the findings reported in this
manuscript. Most importantly, these are exploratory findings based on our initial observation
that statistically significant interactions existed between treatment group and age subgroup
on rate and incidence of infection. Although there is biologic plausibility for differential
immune function at 60 days of age, the age cutoff we report here has not been suggested
before in the critical care or TGC clinical literature. Some strengths of our analysis,
however, are that this secondary analysis showed a statistically significant treatment group
with age subgroup interaction on our primary outcome variable, the 95% confidence interval
for the optimal age cutoff was fairly tight (55-71 days), and the characteristics of our STD
cohort are consistent with a historical CICU population. We have conducted our analysis
and reported the findings in accordance with guidelines recommended by other authors for
subgroup analyses of randomized clinical trials. 20, 33 To remain consistent with these
recommendations, the findings herein should be interpreted conservatively. The results are
appropriately considered hypothesis-generating, rather than confirmatory. It will be crucial
to evaluate whether patients greater than 60 days of age demonstrate benefit from TGC in
analyses of recent and ongoing clinical trials in the context of a planned meta-analysis.
Agus et al. Page 7
Circulation. Author manuscript; available in PMC 2015 June 03.
However, based on the overall null finding in the trial, and the results of this analysis, we
would not recommend post-operative TGC for patients ≤60 days of age who undergo
cardiac surgery.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
Acknowledgments
The SPECS study investigators were as follows: Boston Children's Hospital, Harvard Medical School: MSD Agus
(P.I.), JL Alexander, LA Asaro, JM Costello, MAQ Curley (University of Pennsylvania School of Nursing), P Del
Nido, C Duggan, T Jaksic, PC Laussen, M Langer, JW Newburger, FA Pigula, A Sadhwani, A Shukla, M
Silverman, GM Steil, J Ware, D Wypij; C.S. Mott Children's Hospital, University of Michigan Medical School:
MG Gaies (Michigan Site P.I.), JR Charpie, CS Goldberg, RG Ohye. We are indebted to the faculty and staff of the
CICUs at Boston Children's Hospital and the University of Michigan CS
Mott Children's Hospital, as well as to Mss Alexandra Oldershaw, Karen Jaeger, Gina Willis, and Cynthia Smith
for their support of the nursing staff, kindness to patients and families, and assiduous data collection.
Funding Sources: This work was supported by grants from the National Heart Lung and Blood Institute, National
Institutes of Health R01HL088448 (Agus), American Recovery and Reinvestment Act Supplement
R01HL088448-02S1 (Agus), National Center for Research Resources, National Institutes of Health M01-RR02172
Boston Children's Hospital General Clinical Research Center (Agus). The authors are solely responsible for the
design and conduct of the study; collection, management, analysis, and interpretation of the data; and preparation,
review, and approval of the manuscript; and decision to submit the manuscript for publication without influence
from the sources of funding.
References
1. Ballweg JA, Wernovsky G, Ittenbach RF, Bernbaum J, Gerdes M, Gallagher PR, Dominguez TE,
Zackai E, Clancy RR, Nicolson SC, Spray TL, Gaynor JW. Hyperglycemia after infant cardiac
surgery does not adversely impact neurodevelopmental outcome. Ann Thorac Surg. 2007; 84:2052–
2058. [PubMed: 18036934]
2. Moga MA, Manlhiot C, Marwali EM, McCrindle BW, Van Arsdell GS, Schwartz SM.
Hyperglycemia after pediatric cardiac surgery: Impact of age and residual lesions. Crit Care Med.
2011; 39:266–272. [PubMed: 21057314]
3. Polito A, Thiagarajan RR, Laussen PC, Gauvreau K, Agus MS, Scheurer MA, Pigula FA, Costello
JM. Association between intraoperative and early postoperative glucose levels and adverse
outcomes after complex congenital heart surgery. Circulation. 2008; 118:2235–2242. [PubMed:
19001022]
4. Ulate KP, Lima Falcao GC, Bielefeld MR, Morales JM, Rotta AT. Strict glycemic targets need not
be so strict: A more permissive glycemic range for critically ill children. Pediatrics. 2008;
122:e898–904. [PubMed: 18779254]
5. Rossano JW, Taylor MD, Smith EO, Fraser CD Jr. McKenzie ED, Price JF, Dickerson HA, Nelson
DP, Mott AR. Glycemic profile in infants who have undergone the arterial switch operation:
Hyperglycemia is not associated with adverse events. J Thorac Cardiovasc Surg. 2008; 135:739–
745. [PubMed: 18374750]
6. Yates AR, Dyke PC 2nd, Taeed R, Hoffman TM, Hayes J, Feltes TF, Cua CL. Hyperglycemia is a
marker for poor outcome in the postoperative pediatric cardiac patient. Pediatr Crit Care Med. 2006;
7:351–355. [PubMed: 16738506]
7. DeCampli WM, Olsen MC, Munro HM, Felix DE. Perioperative hyperglycemia: Effect on outcome
after infant congenital heart surgery. Ann Thorac Surg. 2010; 89:181–185. [PubMed: 20103231]
8. van den Berghe G, Wouters P, Weekers F, Verwaest C, Bruyninckx F, Schetz M, Vlasselaers D,
Ferdinande P, Lauwers P, Bouillon R. Intensive insulin therapy in critically ill patients. N Engl J
Med. 2001; 345:1359–1367. [PubMed: 11794168]
Agus et al. Page 8
Circulation. Author manuscript; available in PMC 2015 June 03.
9. Agus MS, Steil GM, Wypij D, Costello JM, Laussen PC, Langer M, Alexander JL, Scoppettuolo
LA, Pigula FA, Charpie JR, Ohye RG, Gaies MG. Tight glycemic control versus standard care after
pediatric cardiac surgery. N Engl J Med. 2012; 367:1208–1219. [PubMed: 22957521]
10. Kent DM, Rothwell PM, Ioannidis JP, Altman DG, Hayward RA. Assessing and reporting
heterogeneity in treatment effects in clinical trials: A proposal. Trials. 2010; 11:85. [PubMed:
20704705]
11. Gaies MG, Langer M, Alexander J, Steil GM, Ware J, Wypij D, Laussen PC, Newburger JW,
Goldberg CS, Pigula FA, Shukla AC, Duggan CP, Agus MS. Design and rationale of safe pediatric
euglycemia after cardiac surgery: A randomized controlled trial of tight glycemic control after
pediatric cardiac surgery. Pediatr Crit Care Med. 2013; 14:148–156. [PubMed: 22805161]
12. Steil GM, Deiss D, Shih J, Buckingham B, Weinzimer S, Agus MS. Intensive care unit insulin
delivery algorithms: Why so many? How to choose? J Diabetes Sci Technol. 2009; 3:125–140.
[PubMed: 19865614]
13. Steil GM, Grodsky GM. The artificial pancreas: Is it important to understand how the beta cell
controls blood glucose? J Diabetes Sci Technol. 2013; 7:1359–1369. [PubMed: 24124965]
14. Cdc nosocomial infection definitions. 2005. (http://www.Cdc.Gov/ncidod/hip/nnis/
nosinfdefinitions.Pdf)
15. Chang AC, Kulik TJ, Hickey PR, Wessel DL. Real-time gas-exchange measurement of oxygen
consumption in neonates and infants after cardiac surgery. Crit Care Med. 1993; 21:1369–1375.
[PubMed: 8370302]
16. Jenkins KJ, Gauvreau K. Center-specific differences in mortality: Preliminary analyses using the
risk adjustment in congenital heart surgery (rachs-1) method. J Thorac Cardiovasc Surg. 2002;
124:97–104. [PubMed: 12091814]
17. Harder EE, Gaies MG, Yu S, Donohue JE, Hanauer DA, Goldberg CS, Hirsch JC. Risk factors for
surgical site infection in pediatric cardiac surgery patients undergoing delayed sternal closure. J
Thorac Cardiovasc Surg. 2013; 146:326–333. [PubMed: 23102685]
18. Das S, Rubio A, Simsic JM, Kirshbom PM, Kogon B, Kanter KR, Maher K. Bloodstream
infections increased after delayed sternal closure: Cause or coincidence. Ann Thorac Surg. 2011;
91:793–797. [PubMed: 21353000]
19. Levy I, Ovadia B, Erez E, Rinat S, Ashkenazi S, Birk E, Konisberger H, Vidne B, Dagan O.
Nosocomial infections after cardiac surgery in infants and children: Incidence and risk factors. J
Hosp Infect. 2003; 53:111–116. [PubMed: 12586569]
20. Wang R, Lagakos SW, Ware JH, Hunter DJ, Drazen JM. Statistics in medicine--reporting of
subgroup analyses in clinical trials. N Engl J Med. 2007; 357:2189–2194. [PubMed: 18032770]
21. Beardsall K, Vanhaesebrouck S, Ogilvy-Stuart AL, Ahluwalia JS, Vanhole C, Palmer C, Midgley
P, Thompson M, Cornette L, Weissenbruch M, Thio M, de Zegher F, Dunger D. A randomised
controlled trial of early insulin therapy in very low birth weight infants, “nirture” (neonatal insulin
replacement therapy in europe). BMC Pediatr. 2007; 7:29. [PubMed: 17692117]
22. Vlasselaers D, Milants I, Desmet L, Wouters PJ, Vanhorebeek I, van den Heuvel I, Mesotten D,
Casaer MP, Meyfroidt G, Ingels C, Muller J, Van Cromphaut S, Schetz M, Van den Berghe G.
Intensive insulin therapy for patients in paediatric intensive care: A prospective, randomised
controlled study. Lancet. 2009; 373:547–556. [PubMed: 19176240]
23. Hebson CL, Chanani NK, Rigby MR, Wolf MJ, Deshpande SR, Montegna LM, Maher KO. Safe
and effective use of a glycemic control protocol for neonates in a cardiac icu. Pediatr Crit Care
Med. 2013; 14:284–289. [PubMed: 23392366]
24. Jeschke MG, Kulp GA, Kraft R, Finnerty CC, Mlcak R, Lee JO, Herndon DN. Intensive insulin
therapy in severely burned pediatric patients: A prospective randomized trial. Am J Respir Crit
Care Med. 2010; 182:351–359. [PubMed: 20395554]
25. Healy CM, Rench MA, Baker CJ. Importance of timing of maternal combined tetanus, diphtheria,
and acellular pertussis (tdap) immunization and protection of young infants. Clin Infect Dis. 2013;
56:539–544. [PubMed: 23097585]
26. Puck JM, Glezen WP, Frank AL, Six HR. Protection of infants from infection with influenza a
virus by transplacentally acquired antibody. J Infect Dis. 1980; 142:844–849. [PubMed: 7462695]
Agus et al. Page 9
Circulation. Author manuscript; available in PMC 2015 June 03.
27. Van Haltren K, Malhotra A. Characteristics of infants admitted with hypoglycemia to a neonatal
unit. J Pediatr Endocrinol. 2013; 26:525–529.
28. Weber WP, Zwahlen M, Reck S, Misteli H, Rosenthal R, Buser AS, Kaufmann M, Oertli D,
Widmer AF, Marti WR. The association of preoperative anemia and perioperative allogeneic
blood transfusion with the risk of surgical site infection. Transfusion. 2009; 49:1964–1970.
[PubMed: 19453989]
29. Hirsch, IB. Endocr Pract. Vol. 10. Suppl 2: 2004. Effect of insulin therapy on nonglycemic
variables during acute illness.; p. 63-70.
30. Stanley WC, Lopaschuk GD, Hall JL, McCormack JG. Regulation of myocardial carbohydrate
metabolism under normal and ischaemic conditions. Potential for pharmacological interventions.
Cardiovasc Res. 1997; 33:243–257. [PubMed: 9074687]
31. Vlasselaers D, Mesotten D, Langouche L, Vanhorebeek I, van den Heuvel I, Milants I, Wouters P,
Meyns B, Bjerre M, Hansen TK, Van den Berghe G. Tight glycemic control protects the
myocardium and reduces inflammation in neonatal heart surgery. Ann Thorac Surg. 2010; 90:22–
29. [PubMed: 20609741]
32. Yu J, Zhang HF, Wu F, Li QX, Ma H, Guo WY, Wang HC, Gao F. Insulin improves
cardiomyocyte contractile function through enhancement of serca2a activity in simulated
ischemia/reperfusion. Acta Pharmacol Sin. 2006; 27:919–926. [PubMed: 16787577]
33. Head SJ, Kaul S, Tijssen JG, Serruys PW, Kappetein AP. Subgroup analyses in trial reports
comparing percutaneous coronary intervention with coronary artery bypass surgery. JAMA. 2013;
310:2097–2098. [PubMed: 24240937]
Agus et al. Page 10
Circulation. Author manuscript; available in PMC 2015 June 03.
Figure 1.
Exploring the age cutoff. Plot of the log likelihood from logistic regression models, which
included the main effects of treatment group and age subgroup (as defined using different
age cutoffs) and the interaction term as covariates, versus age cutoff. The maximum
likelihood estimate (MLE) is 59 days (confidence interval 55-71 days).
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Figure 2.
Time-weighted Blood Glucose Average by Day, According to Treatment Group and Age
Subgroup. The panels show time-weighted blood glucose averages (TWBA) calculated from
all blood glucose samples on the day of post-operative admission to the cardiac intensive
care unit (CICU) (day 1) and the subsequent two days (7 a.m. to 6:59 a.m.). Panel A shows
the TWGA by day for subjects ≤60 days old at the time of surgery, while Panel B shows the
TWGA by day for subjects >60 days old. The points represent the medians, while the error
bars extend to the 25th and 75th percentiles. NS denotes not significant.
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Table 1
Effect of Tight Glycemic Control on Healthcare-Associated Infections in Subgroups
Subgroup Patients, No. Patients with Infectiona, No.
(%)
Odds Ratio (Exact 95%
CI)
Exact P Value for
Interactionb
TGC STD TGC STD
Overall 490 490 24 (5) 24 (5) 1.00 (0.54-1.87) -
RACHS-1 categoryc 0.09
≥3 or Not assignable 263 250 21 (8) 15 (6) 1.36 (0.65-2.91)
1-2 227 240 3 (1) 9 (4) 0.34 (0.06-1.40)
Age at surgery 0.03
≤30 days 99 99 12 (12) 4 (4) 2.95 (0.85-13.05)
>30 days 391 400 12 (3) 20 (5) 0.60 (0.26-1.31)
Previous cardiac surgery 0.37
Yes 119 118 7 (6) 10 (8) 0.68 (0.21-2.05)
No 371 372 17 (5) 14 (4) 1.23 (0.56-2.74)
Chromosomal anomaly 0.33
Yes 94 98 5 (5) 9 (9) 0.56 (0.14-1.94)
No 396 392 19 (5) 15 (4) 1.27 (0.60-2.72)
Intraoperative glucocorticoid therapy 0.03
Yes 255 247 19 (7) 11 (4) 1.73 (0.76-4.11)
No 235 243 5 (2) 13 (5) 0.39 (0.11-1.18)
Implant left during surgery 1.0
Yes 317 320 18 (6) 19 (6) 0.95 (0.46-1.96)
No 173 170 6 (3) 5 (3) 1.19 (0.30-5.01)
Delayed sternal closure 0.53
Yes 63 58 10 (16) 7 (12) 1.37 (0.43-4.59)
No 427 432 14 (3) 17 (4) 0.83 (0.37-1.81)
First post-operative blood glucose 1.0
>110 mg/dL 352 356 19 (5) 19 (5) 1.01 (0.50-2.06)
≤110 mg/dL 138 134 5 (4) 5 (4) 0.97 (0.22-4.32)
TGC denotes Tight Glycemic Control, STD Standard Care, CI confidence interval, RACHS-1 Risk Adjustment in Congenital Heart Surgery, and
CICU cardiac intensive care unit.
a
Healthcare-associated infections include pneumonia, bloodstream, and urinary tract infections, which were tracked for up to 30 days in the CICU
or until 48 hours after discharge from the CICU, and surgical site infections, which were tracked for 30 days after the index procedure. For patients
who remained in the CICU for more than 30 days, the number of patient-days in the CICU was considered to be 30.
b
The P values for the interaction between treatment group and risk factor were calculated from logistic regression models including the main
effects and interaction term as covariates.
c
The scale for RACHS-1 categories ranges from 1 to 6, with higher categories indicating greater risk.
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Table 2
Healthcare-Associated Infections, According to Treatment Group and Age Subgroup
Infections Outcome Age ≤60 Days Relative Risk or
Odds Ratio
(Exact 95% CI)






TGC (n=128) STD (n=113) TGC (n=362) STD (n=377)
Infectionsb, no. of
patients (%)
    Any infections
        Yes 16 (13) 4 (4) 3.87 (1.20-16.43) 8 (2) 20 (5) 0.40 (0.15-0.97) 0.001
        No 112 (88) 109 (96) 354 (98) 357 (95)
    No. of infections
        0 112 (88) 109 (96) 354 (98) 357 (95) 0.001
        1 16 (13) 4 (4) 8 (2) 18 (5)







13.5 3.7 3.68 (1.19-15.11) 5.0 14.1 0.39 (0.15-0.92) 0.001
Type of infection,
no.
    Pneumonia 1 0 2 3
    Bloodstream 3 0 0 4
    Urinary tract 1 0 1 6
    Surgical site 11 4 5 9
TGC denotes Tight Glycemic Control, STD Standard Care, CI confidence interval, and CICU cardiac intensive care unit.
a
The P values for the interaction between treatment group and age subgroup were calculated from logistic regression models for the proportion of
subjects with any infection or exact Poisson regression models for the number of infections and 30-day infection rate. These models included the
main effects and interaction term as covariates.
b
Healthcare-associated infections include pneumonia, bloodstream, and urinary tract infections, which were tracked for up to 30 days in the CICU
or until 48 hours after discharge from the CICU, and surgical site infections, which were tracked for 30 days after the index procedure. For patients
who remained in the CICU for more than 30 days, the number of patient-days in the CICU was considered to be 30.
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Table 3
Study Outcomes, According to Treatment Group and Age Subgroup
Outcome Age ≤60 Days Age >60 Days P Value for Interactiona
TGC (n=128) STD (n=113) TGC (n=362) STD (n=377)
30-day mortality, no./total no. (%)b 2/128 (2) 5/112 (4) 3/360 (<1) 1/372 (<1) 0.22
Length of stay in the CICU, daysc 0.46
    Median 6.7 6.5 2.1 2.1
    IQR 4.3-12.0 4.0-12.8 1.7-4.8 1.6-4.6
Length of stay in the hospital, daysc 0.42
    Median 14.5 15 7 6
    IQR 9-26.5 9-29 5-11 5-10
Mechanical ventilation, daysc 0.50
    Median 5 5 2 2
    IQR 4-8 3-10 1-3 1-3
Cardiac index on day 2, L/min/m2,d 0.15
    Median 0.9 1.3 2.4 1.9
    IQR 0.7-1.5 1.0-1.9 1.8-3.2 1.5-2.7
Vasoactive support, days 0.99
    Median 5 5 2 2
    IQR 3-8.5 3-9 0-3 0-3
Red-cell transfusion, no. (%) 97 (76) 71 (63) 173 (48) 181 (48) 0.058
TGC denotes Tight Glycemic Control, STD Standard Care, CICU cardiac intensive care unit, and IQR interquartile range.
a
The P values for the interaction between treatment group and age subgroup were calculated from logistic regression models for binary outcomes,
Cox proportional hazards regression models for time-to-event outcomes, or a linear regression model for cardiac index. These models included the
main effects and interaction term as covariates.
b
Eight patients were lost to follow-up between hospital discharge and study day 30.
c
The duration of the stay in the CICU, the stay in the hospital, and mechanical ventilation were considered to be 30 days for patients with duration
of more than 30 days and for the 11 patients who died in the CICU by the 30th day.
d
The cardiac index on day 2 was measured in 191 patients at Boston Children's Hospital.
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